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Climate regimes and water temperature changes
in the Columbia River: bioenergetic implications
for predators of juvenile salmon

James H. Petersen and James F. Kitchell

Abstract: We examined how climatic regime shifts may have affected predation rates on juvenile Pacific salmonids
(Oncorhynchusspp.) by northern squawfistiPfychocheilus oregonensialso called northern pikeminnow), smallmouth

bass Micropterus dolomie)y and walleye $tizostedion vitreujnin the Columbia River. During 1933-1996, oceanic,

coastal, and freshwater indices of climate were highly correlated, and an index for the Columbia River Basin suggested
that climate shifts may have occurred about 1946, 1958, 1969, and 1977. Summer water temperature varied as much as
2°C between climate periods. We used a bioenergetics model for northern squawfish, the most important piscivore, to
predict that predation on salmonids would have been 26-31% higher during two periods with relatively warm spring—
summer water temperatures (1933-1946, 1978-1996) than during an extremely cold period (1947-1958). Predicted pre
dation rates of northern squawfish were 68-96% higher in the warmest year compared with the coldest year. Predation
rates of smallmouth bass and walleye on juvenile salmonids varied among climate periods similar to rates predicted for
northern squawfish. Climatic effects need to be understood in both freshwater and nearshore marine habitats, since
growth rates of salmon populations are especially sensitive to mortality during early life stages.

Résumé: Nous avons examiné comment les changements de régime climatique peuvent avoir affecté les taux de pré-
dation des jeunes saumons du PacifigOacorhynchusspp.) par la Sauvagesse du NoRtychocheilus oregonensis

aussi appelé le Méné-brocheton du Nord), I’Achigan a petite boudherdpterus dolomielet le Doré jaune $tizoste-

dion vitreun) dans le Columbia. De 1933 & 1996, les indices climatiques de I'océan, de la cbte et des eaux douces
montrent une forte corrélation et un indice calculé pour le bassin versant du Columbia laisse croire a I'existence de
changements climatiques vers 1946, 1958, 1969 et 1977. Les températures estivales de I'eau ont subi des variations
pouvant atteindre 2°C d’'une période climatique a une autre. Un modele bioénergétique a permis de prédire que, chez la
Sauvagesse du Nord, le piscivore le plus important, la prédation des salmonidés aurait été de 26—31% plus élevée du-
rant les deux périodes ou les températures de printemps et d’'été ont été relativement plus chaudes (1933-1946, 1978-
1996) que pendant une période tres froide (1947-1958). Les taux prédits de prédation sont de 68-96% plus élevés
'année la plus chaude que I'année la plus froide. La prédation exercée par les Achigans a petite bouche et les Dorés
jaunes sur les salmonidés a varié d’'une période a l'autre selon les taux prédits chez la Sauvagesse du Nord. Il est donc
essentiel de comprendre les effets des changements climatiques, tant dans les eaux douces que dans les habitats marins
cotiers, puisque les taux de croissance des populations de saumons sont particulierement sensibles a la mortalité durant
les premiers stades de vie.

[Traduit par la Rédaction]

Introduction under the Endangered Species Act (http://www.nwr.noaa.gov/).

The causes for these declines are often ascribed to human

Salmon Oncorhynchuspp.) returns to the Columbia River ,ivities, including overharvest, habitat destruction from var
have recently been <2 million adults compared with returngos jand-use practices, and construction of dams throughout
of 8-16 million adults in the early 1800s (National Researchne pasin. Numerous studies have, however, described how
Council 1996). Throughout the Pacific Northwest, salmonidn i ral changes in the ocean environment may have centrib

species have suffered simi[ar declines (Nehlsen et al. 1991 )}aq to declining salmon populations in the Columbia River
and 17 stocks have been listed as threatened or endanger, other basins, especially during the last 70 years (e.g.

Francis and Hare 1994; Mantua et al. 1997; Beamish et al.
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Natural oscillations in climate and ocean conditions in the
North Pacific Ocean have occurred on time scales of 2—7 and
20-30 years, and a poorly resolved 50- to 75-year period

J.H. Petersen! U.S. Geological Survey, Western Fisheries  (Ware 1995). Short-term changes are associated with the El
Research Center, Columbia River Research Laboratory, CookNjfio/Southern Oscillation phenomenon, while the 20- to
WA 98605, U.S.A. 30-year pattern has been called the Pacific Decadal Oscillation

J.F. Kitchell. Center for Limnology, University of Wisconsin,
Madison, WI 53706, U.S.A.

(PDO) (Mantua et al. 1997) or climate “regimes” (Beamish
et al. 1999). The PDO in particular has been correlated

ICorresponding author (e-mail: jim_petersen@usgs.gov). with temporal and latitudinal changes in salmon production,
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with salmon catch in the Pacific Northwest being higherColumbia River Basin, which we call the Columbia Basin Index
during periods when the PDO is negative and lower durinqCBD- The PDO is a normalized index based on North Pacific sea
periods with positive PDO (Francis and Hare 1994; Mantua@ur;a%e te“,\;lperggurzeoc()'\é'?”tua Etbal"t 1237)/-/ The _PEO Waﬁ“{ d‘t)W”

; aded on May 22, rom web site http://www.iphc.washington.
ghtacl).f ]F')ai?e v'\l;lf:ﬁ tiilrg:tréhc%tﬁu empg(l;ziiﬁsck% :r?ﬁv&ggtd (e|_(|j a:g ngu/staff/hare/htmI/decadal/post1977/pdo1.htm|. The PDO has been

al. 1999). Timing of ocean entry, competition for food shown to correlate well with several other indices of climate and
: : 9 Y P  adult salmon landings in the North Pacific Ocean (Mantua et al.

temperature-limited growth, and predation on juveniles are gg7) The PNI combines air temperature at Olga in the San Juan
some of the mechanisms regulating salmon production thakjands, total precipitation at Cedar Lake in the Cascade Mountains,
might be affected by ocean conditions and climate oscillatiorand snowpack depth on Mount Rainier. PNI values were obtained
(Pearcy 1992). on April 28, 2000 from web site http://www.cgs.washington.edu/
Climate oscillations in the North Pacific Ocean influence data/pni_ascii.html.
not only the ocean environment but also force changes in Because neither the PNI nor the PDO was developed specifically
weather patterns throughout western North America. Strearfﬁ’lrtthg Ct0|umb'?| River BI?‘S.'”'t‘r’]"e ge“‘,’ed an '“defj bgsted on dnreg
discharge, stream flow timing, and snowpack, for example!'at€d stream rows within theé basin. vve used data from the
are Wel%J correlated over mucgh of the Paciﬁ)‘ic Northwest, aF\)n ydro-Climatic Data Network (HCDN) (Slack and Landwehr 1992)

such environmental variables are driven by large-scale -atmgs derive a CBI of regional climate. The HCDN includes U.S.
y larg eological Survey data from streams and rivers that have not been

spheric patterns (Cayan and Peterson 1989; Cayan et @hfiyenced by watercourse regulation (dams, etc.), irrigation diver

1999). Cayan and Peterson (1989) found that stream flowsions, groundwater pumpage, or land-use change (Slack and Land
in the Pacific Northwest were correlated with positive seawehr 1992). Gage records used were within the boundary of the
level pressure anomalies over the central North Pacific OceaiColumbia River Basin, covered 1938-1999, and had <3 years of
Precipitation patterns in western North America are linkedmissing data for an individual gage. Only one gage record was
to decadal changes in atmospheric circulation and sea suvsed per watershed (minimum drainage area 1008).km

face temperature anomalies on scales that range frem re The CBIwas the average of normalized flow ((monthly average —
gional to global (Cayan et al. 1998). The PDO and Apr”_long-term average)/standard deviation of the long-term average)

September flow on the lower Columbia River have been Welﬁcross all 19 selected stations (Fig. 1) in the Columbia River Basin
. or a particular month. Principal components analysis of normal-
correlated for 1900-1997 (Hamlet and Lettenmaier 1999)i'zed discharge was used to evaluate whether there were intrabasin

even though dams have influenced flows in the lower Coyaiterns among stations. Smith (2000) used a similar protocol to
lumbia River since the late 1930s. standardize stream flows in British Columbia. Climate periods were
In this paper, we examined how climate and water temperidentified by examining time series of the PDO, PNI, and CBI
ature in the Columbia River varied between 1933 and 1996¢May—August indices). Shifts from positive to negative or vice
and how temperature changes may have influenced predatiorrsa, and a consistent index for periods of >5 years, would sug-
rates on juvenile salmonids. Predation occurs throughout theest a significant change in Basin climate. We also made cumula-
mainstem Columbia and Snake rivers, with especially higHive sum plots of the CBI (CuSum), which assist in identifying
losses occurring near dams and in the lower Columbia Rivethifts in time series of climatic indices (Beamish et al. 1999
(Ward et al. 1995; Beamesderfer et al. 1996). The major . o
piscivores are northern squawfisRtychocheilus oregonensis Water temperature in the Columbia River _ _
also called northern pikeminnow), smallmouth bagicopterus For bioenergetics modeling and related hypothesis testing, we
dolomiey, walleye Gtizostediovitreum), and channel catfish used long-term temperature series collected at Bonneville Dam

. s (1938-1996) and Rock Island Dam (1933-1996) on the Columbia
(Ictalurus punctatups(Rieman et al. 1991; Vigg et al. 1991), River (Fig. 1). These are the two longest time series of water tem

with only northern squawfish being native to the Columbiaperature “available for the Columbia River (www.streamnet.org),
River Basin. Northern squawfish, smallmouth bass, antng they represent an upper and a lower river site. Water temperature
walleye have been estimated twonsume 7-17% of all was monitored in the dam forebays near turbine intakes (scrollcase);
salmonids that annually migrate througbhn Day Reservoir temperature measurements were taken at ~14 m at Bonneville Dam
on the Columbia River (Petersen 1994), and northern squawfisind ~5 m at Rock Island Dam. We assumed that the Rock Island
alone may consume 16 million juvenikalmonids annually, Dam temperatures characterized the upper reaches of the Columbia

8% of the annual smolt outmigration (Beamesderfer et alRiver (Quinn et al. 1997). Bonneville Dam (river mile 154.5)
1996). temperatures were biased high when compared with temperatures

measured at Warrendale below the dam (river mile 141.0, U.S.
Geological Survey Station No. 14128910, average difference +0.6°C
Materials and methods across all months, 1978-1991). We therefore adjusted the long-
) o ] ] ) term Bonneville Dam record for each date between 1938 and 1996
First, we compared three indices of climate to define periods ofsing the average monthly difference between Bonneville Dam and
consistent climate conditions for the Columbia River Basin.-Sec the Warrendale gage.
ond, we partitioned and tested the differences in water temperature Tq test for climate period and location (Bonneville versus Rock
based on the observed climate periods. Finally, we conducted biqgjang) effects, we divided water temperatures into three “seasons”:
energetic simulations to estimate the predation potential by northApr” 1 — May 31, June 1 — Agust 15, and August 16 — October
ern squawfish and ot_her piscivores under different climate andyy The Apri 1 — May 31 season corresponds to increasing flow,
water temperature regimes. slowly increasing water temperature, and outmigration of juvenile
sockeye salmon ncorhynchus nerka spring chinook salmon
Climate periods or regimes in the Columbia River Basin (Oncorhynchus tshawytschaand steelheadQncorhynchus mykiss
Three indices of climate conditions were compared, the PDQOn the Columbia River. The Jenl — August 15 period corresponds
index (Mantua et al. 1997), the Pacific Northwest Index (PNI)to decreasing flow, rapidly increasing water temperature, and out
(Ebbesmeyer and Strickland 1995), and an index specific to thenigration of fall chinook salmon. The August 16 — October 31 pe
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Fig. 1. Columbia River Basin and location of climate index and temperature data sites (Bonneville and Rock Island dams) on the
Columbia River. Nineteen HCDN stream flow gag®®) (were used to compute the CBI of climate. The Columbia and Snake rivers
are shown as heavy lines.
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riod corresponds to peak and declining temperature, low flows, andnd Ward (1999). We modeled an individual fish that was 8 years
few juvenile salmonids in the system. old, had a starting mass of 668 g, and grew between April 1 and
Analysis of variance (ANOVA) tests of temperature change wereOctober 31. Northern squawfish that consume juvenile salmonids
conducted on daily anomalies, the differences between a daily tenrange in size from ~200 g (~250 mm fork length, age ~5 years) to
perature and the long-term average temperature on that day am®000 g (>500 mm fork length, age 15 years or older), and an 8-
location. Use of temperature anomalies removed trends presegear-old fish represents a medium-sized predator in the population.
within a season, and tests focused on deviations from the long-teriRetersen and Ward (1999) showed that 55% (21 of 38) of the size—
average. If a significant model effect was detect®d<( 0.05), frequency distributions of northern squawfish in John Day Reser

Tukey’s multiple range test was used to compare means. voir were normally distributed and that populations with slightly
skewed weight distributions could be modeled reasonably well with
Bioenergetic simulations one size-class.

Bioenergetics modeling is a proven tool for studying predation Because we had long-term temperatures from two locations in
rates, temperature effects, and other processes (Kitchell et al. 197he Columbia River, Bonneville Dam and Rock Island Dam, we +mod
The model that we applied uses a mass balance approach wheeted fish representing two general reaches, upper versus lower
growth G) is equal to consumptiond) minus respirationR) and river. We varied diet to model three types of habitat: a midreservoir
excretory lossesH): G = C — R — E. Individual terms on the right habitat, a near-dam habitat (tailrace or forebay), and the free-
side of the equation are expanded based primarily on fish size, adlowing portion of the Columbia River below Bonneville Dam.
tivity, and water temperature. Fish in different habitats can be-modVarious studies have shown how northern squawfish diets vary
eled by varying diets, while food availability is adjusted with a fit among these types of habitat (e.g., Poe et al. 1991). The diet of
parameter, called p value, which is the proportion of maximum predators in the free-flowing habitat below Bonneville Dam was
ration. The sensitivity, merits, and constraints of bioenergeticsdbased on collections made in that reach, while diets for the other
models have been examined in detail (e.g., Bartell et al. 1986)two habitats derive from John Day Reservoir studies (Poe et al.
Bioenergetics models have been shown to be especially useful fd991; Petersen and Ward 1999). Although forebay and tailrace
evaluating variations in temperature (Shuter and Post 1990). near-dam habitats are physically dissimilar, these areas were com

For northern squawfish, predation was simulated using the biobined in model runs, since predators in both of these habitats have
energetics model, parameters, and assumptions described in Petersemelatively high percentage of juvenile salmonids in their diet
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(Petersen and Ward 1999). Daily temperature in all simulations Time series of the indices showed distinct and coherent
was interpolated from average monthly temperature for a particulaghifts between positive and negative values (Fig. 2), suggest
period. _ _ ing several concurrent climate changes in the North Pacific

Swimming speeds in the three habitat types were 1.3€m's Ocean, the coastal zone, and the Columbia River Basin be
(free-flowing and midreservoir habitats) and 7.0 cth(@ear-dam  yeen 1933 and 1996. A strong shift in all indices occurred
habitat). The near-dam speed is a compromise of speeds applied Pr;{ 1945-1946, when the PNI and the PDO went from positive

Petersen and Ward (1999): 9.2 cmi#r a tailrace and 5.0 cnts ; . ) ,
for a forebay. Swimming speeds are based on studies of -radioto negative and the CBI switched from negative to slightly

tagged northern squawfish in the Columbia and Snake river®0sitive (Fig. 2). The period of 1947-1958 had higher than
(Martinelli and Shively 1997; J.H. Petersen, unpublished data). average stream discharges in the Columbia River Basin dur

We do not know how prey availability and predator diets mighting May—August. From about 1959 to 1968, the PNI was
have changed during the last 70 years in the Columbia River, so weear zero, while the CBI varied from slightly negative (May)
used two alternative assumptions for modeling growth. First, weor positive (June) to mixed (July and August). From 1969 to
assumed that predator growth increments in the past were the sam®77, the PNI was negative, suggesting cool, wet weather,
as recent increments or that predators would adjust their food inyhjle the CBIs were consistently positive, suggesting higher
take to achieve a fixed growth. For these simulations, the predato,gn average stream flows in spring through summer. In
Ztlartec: atf 668 gl f;ﬂd grewto 813 g g“gin%t?e Zeaso_?.tl)_r;_ta corgpalr§977’ the PNI shifted dramatically to indicate warmer and

e set of simulations, we assumed fixed food availability anrd al . .
lowed the growth rate of the predator to vary. We fit the modeldryer Weath_er in the coastal areas .Of _the Pacific Northwest
p value for the first climate period (1933-1946, see Results) in(F'g' 2), while the CBI st_ream flow indices Showed a more
each reach habitat simulation and used thigalue for the other complex pattern. Normalized stream flows declined in most
periods. With this approach, consumption of salmonids was thénonths during 1977-1980, increased in 1980-1984, decreased
same during the earliest climate period for both the fixed growthto below-average flows during 1985-1995, and then showed
and the fixed food availability simulations in a reach habitat. above-average flows in 1996-1999.

Variation in stream flow, precipitation, snowmelt, and tempera  The patterns observed in climate indices (Fig. 2) between
ture between years may be considerable depending on short-terfig33 and 1999 suggested that there were roughly four times
phenomena such as El Nifio events (Cayan et al. 1999). Using thghen climate conditions may have shifted from “high flows”

average daily temperature in July, we determined the warmest a “low flows” in the Columbia River Basin. We used these

coolest year for the upper and lower reaches and compared cumy- i to divide th I iod into five int Is f
lative consumption of juvenile salmonids in near-dam habitats pe!OUr UMES 10 divide the overall period Into nive intervais for

tween these extreme years. temperature analysis (Ta_lble 1). We recognize that _there are
Finally, we compared salmonid consumption between norther$€Veral short-term variations in the stream flow indices that

squawfish and two other important piscivores in the system, smalicould further divide this period (especially for the years

mouth bass and walleye (Vigg et al. 1991), using the bioenergetid 980—1999); however, we were interested primarily in lon-

formulations and parameters of Roell and Orth (1993) (smallmoutlger (>5 years) climatic shifts that were also recognizable in

bass) and of Kitchell et al. (1977) (walleye). We used diet summathe nearshore marine and ocean environments.

ries for all three predators in John Day Reservoir (Poe et al. 1994)

and applied temperatures from both Rock Island and Bonneville

dams. All piscivores in these simulations grew from 668 to 813 g\WWater temperature

between April 1 and October 31. Simulations for each predator Average July water temperatures, shown as an indicator of

species included a loss in mass during spawning. short-term variability and long-term trends (Fig. 3), differed
by as much as 2°C annually and as much as 4°C over a 4-
year period (1955-1959). At both dams where temperatures

Results were recorded from 1938 to 1996, water was relatively warm
in the 1930s, cooler in the late 1940s to 1950s, and gradually
Climate periods in the Columbia River Basin warmed from about 1960 to 1996 (Fig. 3). The temperature

Average discharge at selected gages in the Columbia Rivetifference between the upriver and downriver sites, Rock
Basin ranged from 62 to 2472%g™. Smaller drainage basins Island and Bonneville dams, was fairly consistent for July.
had somewhat high variations in flows, as expected. Principal Temperature anomalies were significantly different among
components analyses of normalized flows for May, Juneclimate periods for each location-by-season test (six ANOVAS,
July, and August showed relatively high correlations amongll P < 0.001). Fifty-two of 60 pairwise comparisons were
gaging stations, with no obvious outliers when stations weraignificant P < 0.05, results not shown), suggesting consid
plotted on principal components axes. The first two eigenerable differences in water temperature among the climate
values explained from 76% (May) to 82% (July) of the total periods within a season (Table 1). At Bonneville Dam, the
variation in normalized flows. We retained all 19 stationspattern of temperature change was fairly consistent among
within the basin for index development. the seasons: moderately warm temperatures during 1938-

Oceanic, coastal, and Columbia River Basin indices of cli 1946, coolest temperatures during 1947-1958, gradually warm
mate varied in a similar fashion for the period 1933-1996,ng temperatures in 1959-1977, and warmest temperatures
although there were some obvious differences after aboudbr the period 1977-1996 (Table 1). Water temperature dur
1980 (Fig. 2). The PNI and PDO were strongly correlateding April 1 — May 31 varied <1°C during the 58-year period,
(Pearson’s correlation coefficient)(= 0.69,P < 0.001,n =  whereas from June 1 to August 15, temperature increased by
64). For the months of May, June, July, and August, the CBlas much as 2°C between the 1947-1958 period and the re
was negatively correlated with the PNl £ —0.42 to —0.67, cent period (1977-1996). At Rock Island Dam, the pattern
P < 0.001,n = 64) and also with the PDQ € -0.27 to —0.48, was slightly different (Table 1). For AgriLi — May 31 and
P < 0.04,n = 64, years 1933-1996). June 1 — August 15, water temperatures were about equal
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Fig. 2. Climate indices for theg—d) Columbia River Basin (CBI),d) nearshore marine zone (PNI), arf)l Klorth Pacific Ocean (PDO
index). CBI plots are shown fora] May, (b) June, ¢) July, and ¢l) August. Vertical bars are 5-year running averages and line plots in
the CBI panels are cumulative sums of yearly indices (CuSum). Vertical arrows along the bottom axis dfiRificéte times used to
divide the 1933-1996 period for temperature testing and bioenergetic modeling (see text).

1930 1940 1950 1960 1970 1980 1990 2000
Lo L L B

0.5

iy

CBI - Monthly flow index

104
d)

o “l HO“%M 5
00 bl T |y ollili
: I“IIII i I III“ Il -3

Cumulative sums (CuSum) of CBI

-0.5

-1.0 - - -9
B T e

= 2l |||||| I |I“I|
il L |"' ™
-0.5 4

104

f)
|I"||“"|| . - " . ||||"I|II|| |||"|I
T (R

S S

e e o e e e T B e o e o e e I E e e

PNI

PDO

— T

1930 1940 1950 1960 1970 1980 1990 2000
Year

during the earliest period (1933-1946) and the latest periodt Rock Island Dam, but fall season temperatures were about
(1978-1996); in the intervening period (1947-1977), waterequal (Table 1).

temperature during April — August 15 was ~1.0-1.5°C

lower. During August 16 — October 30, water temperatureBioenergetic simulations

remained fairly constant from 1933 to 1977 and then in In simulations within a given reach and habitat, northern
creased by ~1.0°C after 1977. Water temperature was highetjuawfish consumed the fewest salmonids during the 1947—
during spring and summer seasons at Bonneville Dam tham958 period, consumption of salmonids increased between
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Table 1. Average daily water temperature (°C) at Bonneville Dam (1938-1996, adjusted temperatures) and at Rock Island Dam (1933—
1996) on the Columbia River.

Bonneville Dam (starts 1938) Rock Island Dam (starts 1933)
Period Apr 1 - May 31 June 1 — Aug. 15Aug. 16 — Oct. 31 Aprl — May 31 June 1 — Aug. 15 Aug. 16 — Oct. 31
1933 or 11.0 17.1 16.2 9.1 15.8 16.5
1938-1946

1947-1958 10.4 16.1 16.2 7.5 14.7 16.8

1959-1969 10.6 17.1 16.8 7.9 14.7 16.4

1970-1977 10.5 175 17.2 8.1 14.9 16.8

1978-1996 11.2 18.2 18.0 8.6 15.8 17.8

Note: Temperatures were averaged for three seasons and for five intervals that correspond to climate periods in the Columbia River Basin. Standard
errors for all estimates are ~0.1°C.

Fig. 3. Average daily water temperature during July at Bonnevil§ a@nd Rock Island @) dams from 1933 to 1996. Also shown is
the year of construction for dams on the lower Snake Rilly §nd Columbia RiverV, U.S. and Canadian dams).

““““““““““““““ L B L L
2] a H HEE H Em [ |
g )
(| v vV Vv VVVVYYVYY v v v
b
20 1 )
O
[
>
=R
=2
20
o
s
Qe
I 2L 45
“““““ LIS B e B
1930 1940 1950 1960 1970 1980 1990 2000

Year

1959 and 1977, and the highest consumption of salmonidsalmonid consumption differed by <5% between the twe dif
occurred either in the period prior to 1947 or in the periodferent types of simulations. Differences in cumulative annual
after 1977 (Fig. 4). In the upper river dam habitat (Fig),4 consumption of salmonids between the habitats (Fig. 4) was
consumption of salmonids was about equal in the earliestaused by different diets used in the simulations and was not
and the latest period, while consumption of salmonids waselated to climate effects. For example, salmonids in rorth
~26% lower during 1947-1958. In the lower river near-damern squawfish were 28—-60% of the diet below Bonneville
habitat, consumption of salmonids was highest in the 1978bam, 28-53% of the diet in near-dam simulations, and 3—
1996 period, being ~9% higher than during 1933-1946 an®% of the diet for fish in the midreservoir habitat.
~27% higher than during the cool 1947-1958 period. In the Comparisons of potential predation on juvenile salmonids
midreservoir habitat (Fig.), the trends were similar to the during the coldest and the warmest years between 1933 and
trends in the near-dam habitat just described. In the upper996 produced dramatic differences. Using Bonneville Dam
river, annual salmonid consumption by the simulated rorthtemperatures, the simulated predator consumed 496 g during
ern squawfish varied from a low of 20 g (1947-1970) to athe coldest year (1948) and 974 g during the warmest year
high of 26 g (1933-1946). Consumption was similar in the(1992) (+96%). Using Rock Island Dam temperatures; pre
earliest and latest periods (25 and 26 g). In the lower riverdation increased from 358 g of salmonids during the coolest
annual salmonid consumption varied from 32 g (1947-1958year (1954) to 602 g during the warmest year (1937) (+68%).
to 42 g (1978-1996), a difference of ~31%. The three piscivores had similar relative responses to ehang
In the free-flowing river habitat below Bonneville Dam ing water temperature (Fig. 5). Using Bonneville Dam tem
(Fig. 4c), predation on salmonids was highest during theperatures, the lowest cumulative consumption of salmonids
1978-1996 period, being ~26% higher than during the-cooloccurred during the 1947-1958 period and the highest con
est period (1947-1958). Predation on salmonids in this-habisumption occurred during the 1978-1996 period (Fig). 5
tat during recent years was predicted to be ~8% higher thaldsing Rock Island Dam temperatures, the highest consump
during 1933-1946. Allowing growth to vary (fixed food tion occurred during 1933-1946 (Figb)s Piscivore diet of
availability) did not produce qualitatively different results salmonids varied from low (0-5%, smallmouth bass) to high
from the fixed-growth simulations (Fig. 4). Cumulative (45-79%, northern squawfish), causing the mass of salmonids
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Fig. 4. Cumulative salmonid consumption simulated for an 8-year-old northern squawfish in three habjtatsagtdam,

(b) midreservoir, andd) below Bonneville Dam) in the Columbia River during five climate periods (1933-1996). Near-dam and
midreservoir habitats were simulated for temperature regimes in both the upper and the lower river. Simulations also varied according
to assumptions about fixed growth (solid lines) or fixed food availability (dashed line) during this period (see text).
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annually consumed to differ greatly between simulatedusing bioenergetic arguments, concluded that the northern
piscivores: northern squawfish (543-649 g salmonids eatedistributional limits of yellow perchRerca flavescernsand
downriver, 407-488 g upriver), smallmouth bass (9—10 gturasian perchRerca fluviatili§ are regulated by climate
downriver, 7-8 g upriver), and walleye (121-136 g downriver,and may shift north with a warming climate. Elliott et al.

104-115 g upriver). (2000) observed a close correlation between the emergence
timing of brown trout Salmo truttg and an index of climate
Discussion from the North Atlantic Ocean. Walters and Ward (1998)

suggested that declines in marine survival rates for steel
Studies on other species have shown how fish distributiond)ead, coho salmorOncorhynchus kisutghchinook salmon,
recruitment, or growth often correlates well with climate and Atlantic salmon&almo salay may be related to climate
conditions and water temperature. Shuter and Post (1990fhanges, particularly increased exposure to ultraviolet radia
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Fig. 5. Percent difference (relative to the overall average) in cu mortality. Thus, the effects of climate change in freshwater
mulative per capita consumption of salmonids in the Columbia may significantly alter first-year survival, with consequences
River by northern squawfish (solid bars), smallmouth bass (openfor population growth rates, stock recovery, and manage

bars), and walleye (gray bars). Estimates were made using ment.
bioenergetics models and water temperature from the Unregulated stream flow, used for our basin index (CBI),
(a) Bonneville and i) Rock Island dams. has often been used to describe climate changes or trends
10 (Cayan and Peterson 1989; Lins and Slack 1999). A major
a) advantage of using the HCDN data for CBI was that indices

were independent of dam construction, irrigation withdraw
als, and other watercourse changes that have been extensive
in the Columbia River Basin. Trends in the CBI should re
flect differences in overall climate and processes regulating
stream flow such as precipitation, air temperature, and snow
0 melt rather than human-caused changes. A second advantage
of the CBI for our purposes is that water temperatures in

three stations and characterizes conditions in the nearshore
marine environment and on the western slope of the Cascade
5 Mountain Range.

The primary shifts in climate conditions that we used for
temperature and energetic analyses, especially changes in
0 H HH 1946 and 1977, were consistent with regime shifts identified

BT streams and rivers are generally well correlated with flow
:E, 2 54 (e.g., Quinn et al. 1997). June-July flow and temperature
@ § were negatively correlated at four dams on the Columbia and
g ® Snake riversR < 0.001; Quinn et al. 1997). Finally, stations
w2 4 . . . . . used to compute the CBI were broadly distributed threugh
2 g 107 b) out the Columbia River Basin, whereas the PNI uses only
£ S

o

Percent change in cumulative

in other studies. During the last 100 years, the most well-
defined shifts in climate conditions in the North Pacific
-5 Ocean and western North America occurred in about 1925,
1947, and 1977 (Ware 1995; Beamish et al. 1)98ength

of day, the Aleutian low pressure index, land and sea surface

-10 temperatures, and chlorophydl are some of the correlates
1933-  1947-  1959-  1970-  1978- used to identify the timing of these climate shifts (Beamish
1946 1958 1969 1977 1996 et al. 1999).
Climate period Although major climate shifts were apparent in all indi

ces, the three climate indices that we compared differed in

several ways. The PNI and the CBI suggested that weaker
tion during freshwater residence. Water temperature controlglimate shifts might have occurred in the coastal and inland
a wide variety of processes in the early life history of areas about 1958 and 1969, while such changes were not as
salmonids, such as days to hatch and emergence, feediagparent in the PDO index. The strongest differences among
rate, and growth rate (e.g., Beacham and Murray 1990). the indices occurred from about 1977 to 1999. The positive

Our analyses suggested that large-scale climate oscill&BI during spring and summer from 1981 to 1986 was prob

tions, or regime shifts, have likely caused water temperaturably the result of the strong El Nifio event of 1982-1983
in the Columbia River to vary several degrees between 193®hen water flows were greatly above normal (Piechota et al.
and 1996. Since feeding by freshwater piscivores is temperd 997). Finally, the index of stream flows (CBI) shifted from
ture dependent, predation-related mortality of juvenilebelow-normal flows for about 1985-1992 to above-normal
salmonids has probably varied due to natural climateflows after 1993. This change in the CBI in the early 1990s
change. Life table sensitivity analyses for chinook salmormmay be an indication of one of the stronger, long-term shifts
suggested that increasing survival during the first year of lifein the climate such as the 1977 shift (Beamish et al. 499
produces the largest increase An the population growth Future studies might further investigate differences in-oce
rate (e.g., Emlen 1995). For seven index stocks of springinic and stream flow indices and test for correlations be
chinook salmon, a 10% reduction in mortality during thetween stream flow indices and measures of adult salmon
first year resulted in a 41.5% increaseiir(National Marine  return to the basin.
Fisheries Service 2000). Predation loss of juvenile salmonids Changing water temperature may affect salmonid mortal
in the mainstem Columbia and Snake rivers likely varies 25-ity by directly influencing the feeding rate of piscivores and
30% between the warmest and coldest climate periods aniddirectly by affecting the growth rate of predators. Increased
by as much as 96% between the warmest and coldest yeatemperature during warm periods would cause faster growth
Bradford (1995), in a review of Pacific salmon survival rates,of predators, larger size-at-age, and higher juvenile salmonid
concluded that both freshwater and marine habitats centribmortality, since larger predators consume disproportionately
ute roughly equally to the interannual variability in total more salmonids than smaller predators (Vigg et al. 1991).
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Demonstrating such indirect effects of temperature changthat the erection of low-head dams on the Columbia River
on growth or other processes that are susceptible to maniprior to 1970) produced only a minimal increase in the av
factors would be difficult, although the mechanisms that weerage temperature of the river. Average June-July tempera
have suggested appear quite plausible. tures in the Columbia River during 1954-1990 were
Our modeling required several assumptions about pregignificantly correlated with temperatures in the Fraser River
availability, diet, and predator movement. Our assumption ofn British Columbia P < 0.01; Quinn and Adams 1996).
either fixed growth or fixed food availability had relatively Since the Fraser River has not had extensive hydroelectric
little influence on the quantitative or qualitative outcome of development, this correlation suggests regional temperature
the simulations that we ran. We also assumed a constant digontrol through snowmelt, tributary warming, precipitation,
for predators, although diet has probably changed since thend other large-scale climate-related processes. The most
1930s. For example, American shasldsa sapidissimpbe-  significant temperature effect of impoundment in the system
came established in the Columbia River in 1895 and theimay be extension of the warmwater period: earlier warming
numbers increased dramatically in the lower Columbia Riveand later cooling within a year (Quinn and Adams 1996;
starting about 1958 (Quinn and Adams 1996). Since 1990Quinn et al. 1997). At Bonneville Dam on the lower Colum
2-3 million adult American shad have passed Bonnevillebia River, for example, 15.5°C water occurs ~30 days earlier
Dam annually to spawn in the Columbia and Snake riversin the spring and remains ~17 days later in the fall, based on
Juvenile American shad occur in the diet of northern squawdata from 1950 to 1993 (Quinn and Adams 1996). Earlier
fish and may supplement the growth of predators during latavarming and later cooling of water within a year in the
summer and fall (Petersen et al. 1994; J.H. Petersen, unpulinpounded Columbia River is accounted for in the model
lished data). Other changes in predator diet could be relategstimates of predation rate, since we used average monthly
to impoundment following construction of hydroelectric damstemperatures per climate period.
or to changes in populations of piscivores (Poe et al. 1994). The annual hydrograph has obviously been modified by
Finally, long-distance movements by predators could exposeonstruction of dams, with lower spring and summer flows
them to different temperature regimes. Radiotelemetry studafter impoundment (Ebel et al. 1989), but flow still varies
ies with northern squawfish and smallmouth bass suggesionsiderably from year to year and presumably modulates
that individuals may migrate considerable distances to spawmwater temperature. For example, average June flow varied
but they generally return and remain in the same generdtom 3511 to 13 620 rhs® on the Columbia River at The
area after these reproductive movements (Martinelli andalles Dam for 1973-1994. It is difficult to correlate year-
Shively 1997; J.H. Petersen, unpublished data). to-year temperature changes with the timing of dam con-
No long-term population data are available for northernstruction, especially since there are both increases and de-
squawfish or other predators in the Columbia River, so wecreases in these temperatures over a few years. The most
used a single hypothetical individual in our simulations. Thusdramatic change in the Columbia River occurred between
our estimates of the effects of temperature and climate change955 and 1958 when the average daily temperature increased
on predation were made on a per capita basis and do not rever 4°C. Only two dams, Chief Joseph (1955, flushing rate
flect any changes in the size of predator populations tha.6 days) and The Dalles (1957, flushing rate 1.1 days),
may have occurred since the 1930s. Impoundment of theame into service on the Columbia River during this 4-year
river system has increased the area of certain habitats, pgperiod (Ebel et al. 1989). Beginning about 1975, summer
haps leading to increased or decreased predator populationgater temperatures throughout the Columbia River have
The density of northern squawfish is high in tailraces andisen fairly steadily (Quinn et al. 1997), suggesting broad-
forebays of dams (Ward et al. 1995), so dam constructiorscale climate effects, since all dams were operational by the
since 1933 might have increased the total available habitatarly 1970s, except Revelstoke Dam in British Columbia,
and the predator population. On the other hand, fairly highcompleted in 1984. Additional analyses of dam and climate
densities of northern squawfish were recently observed ieffects on water temperatures in the Columbia River Basin
free-flowing reaches of the Columbia River (Hanford Reach)would be helpful, perhaps using temperature models driven
and the lower Snake River (J.H. Petersen, unpublished datd)y local weather conditions.
suggesting that impoundment may not have greatly changed We limited our analyses to climate regime shifts during
the total number of northern squawfish in the system. Rredahe last 70 years, but future trends in global temperature or
ceous smallmouth bass, walleye, and channel catfish wershort-term events could increase predation loss in the Columbia
introduced into the river system prior to 1900, and theirRiver. Hamlet and Lettenmaier (1999) used two global cli
numbers likely increased concurrent with impoundment ofmate models and a Columbia River hydrology model to pre
the river, although we have no long-term population -esti dict changes in flow over the next 100 years. By 2045, for
mates to confirm this (Poe et al. 1994). example, they predicted a reduction in summer flow at The
Climate changes suggested by the three indices coincidddalles Dam of 11-25% and an increase in summer air tem
with major dam building efforts on the mainstem Columbiaperature of 1-3°C, the variation depending on which global
and Snake rivers beginning in 1933, making it difficult to model was used. Such flow and air temperature changes
know exactly how much of the predicted predation difer might translate into significant changes in water temperature
ences among periods was due to climate shifts rather thaand predation losses. Superimposed on this gradual warming
impoundment of the system. Most of the dams on the Cotrend are the shorter scale fluctuations of climatic regimes
lumbia and Snake rivers are “run-of-the-river” dams with lit and El Nifio events (Hamlet and Lettenmaier 1999). Co-
tle storage capacity and flushing rates of <4 days. Jaske aratcurrence of a warm climate regime and low flows from an
Goebel (1967) and Jaske and Synoground (1970) concludegl Nifio event, combined with gradual global warming, might
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produce especially high water temperatures for a period and and climate: evidence from Willapa Bay. Publication WSG-MR
high predation losses for juvenile salmonids. 95-02, Washington Sea Grant Program, University of Washing
In conclusion, we demonstrated how an important source ton, Seattle, Wash.
of mortality for juvenile salmonids, freshwater predation, Ebel, W.J., Becker, C.D., Mullan, J.W., and Raymond, H.L. 1989.
could be influenced by water temperature changes driven by The Columbia River — toward a holistic understandifigPro-
climatic regime shifts. Predation may also be important to ceedings of the International Large River Sympositidited by
salmonids in estuarine and nearshore ocean environmentsP-P- Dodge. Can. Spec. Publ. Fish. Aquat. Sci. No. 106. pp. 205~
(Pearcy 1992), further emphasizing the need to understand _219-
climate phenomena at large spatial scales. Models that link!liott, J-M., Hurley, M.A., and Maberly, S.C. 2000. The emer
the ocean, atmosphere, hydrology, and temperature are be gence period of sea t_rout fry ina Lake I_I)lstrlgt stream correlates
coming available (e.g., Hamlet and Lettenmaier 1999) and With the North Atlantic Oscillation. J. Fish Biob6: 208-210.
perhaps can be combined with mechanistic models of Iared;mlen, J.M. 1995. Population viability of the Sne_ike River chln(_)ok
tion and salmon movements (e.g., Zabel et al. 1998; Petersen SaImon Oncorhynchus tshawytschaCan. J. Fish. Aquat. Sci.

) S 52: 1442-1448.
and DeAngelis 2000) to make useful predictions about-mor . . I
tality and population recovery. Francis, R.C., and Hare, S.R. 1994. Decadal-scale regime shifts in

the large marine ecosystems of the Northeast pacific: a case for

historical science. Fish. Oceano@r.279-291.
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